Abstract. The local structures of Si(20 monolayer)/Ge n /Si(100) (n=1, 2, 4 and 8 monolayer) heterostructure films grown by molecular beam epitaxy (MBE) at 400 o C are investigated by grazing incidence fluorescence x-ray absorption fine structure. The Ge K-edge EXAFS analysis shows that the local structure of Ge atoms in the 1 or 2 monolayer (ML) Ge heterostructure film where the Ge atoms are dominantly surrounded by Si, is similar to that in Si 0.95 Ge 0.05 alloy. With the thickness of the Ge monolayer increasing to 4 ML, the coordination environment around Ge atoms is close to that of Si 70 Ge 30 alloy. Even for the 8-ML-thick Ge heterostructure film, the fraction of Ge-Si coordination pair in the first shell is as high as 55%, almost the same as that in Si 0.50 Ge 0.50 alloy. These results clearly indicate the Ge migration effect in all Si/Ge n /Si(100) heterostructure films, which is due to surface segregation of Ge atoms during growth process caused by large surface mobility of adatoms allowing for decreasing the surface strain.
INTRODUCTION
Si/Ge heterostructure films possess novel electronic and optoelectronic properties [1] compared with conventional pure Si system, such as higher electron mobility [2] , lower energy consumption and enhanced operation frequency [3] , and become the enormous potential candidate of applications on next generation of semiconductor industry. In practical applications, the Si/Ge heterostructure films should be capped by Si protective layer for avoiding oxidation. The electronic property and band structure of the Si/Ge layer are modified by the capped Si layer. Therefore, the thorough investigation on the Si/Ge heterostructure films becomes a significant task for understanding their performances [4] .
A number of studies [5] [6] [7] [8] have shown that there is obvious Ge-Si intermixing at the interfaces of Ge-onSi and Si-on-Ge in the Si/Ge 1 /Si(001) and (Si m Ge n ) N /Si(001) heterostructure films. All these works have revealed that the Ge/Si interface is not ideally sharp, and the Ge atoms in a Si/Ge n /Si(001) heterostructure film can spread over several atomic layers even at 20 o C. The intermixing of Ge with Si overlayer consumes the grown Ge layer to form a Ge-Si alloy. In order to realize the band-gap engineering of the Si/Ge heterostructure films, it is essential to quantitatively understand Ge migration. This requires a systemic investigation on the Si/Ge n /Si heterostructure films with various deposited Ge thicknesses.
In this paper, grazing-incidence fluorescence XAFS technique is used to study the local structural evolution with Ge layer thickness in the Si/Ge n /Si(001) (n=1, 2, 4 and 8 monolayer) heterostructure films. We aim to investigate the local structure around Ge and the thickness-dependent kinetic effects of Ge layer after Si overlayer growth.
EXPERIMENTAL
Four Si/Ge n /Si(001) heterostructure films (n=1, 2, 4, 8 ML, Si cap thickness about 22 ML) were prepared by molecular beam epitaxy (MBE). 9, 10 Besides, thin films of Si 0.95 Ge 0.05 , Si 0.70 Ge 0.30 and Si 0.50 Ge 0.50 alloys, as well as crystalline Ge (c-Ge) powder were used as reference samples [8] . The Ge K-edge XAFS measurements in grazing incidence fluorescence mode for the Si/Ge n /Si(001) heterostructure films, as well as in transmission mode for c-Ge, Si 0.95 Ge 0.05 , Si 0.70 Ge 0.30 and Si 0.50 Ge 0.50 alloy thin films were performed at BL-13B of the Photon Factory of National Laboratory for High Energy Physics (PF, KEK), Japan. The detail condition was described in Ref. 9 and 10 . The data analysis was performed using NSRLXAFS3.0 software package [11] . Figure 1 illuminates the Ge K-edge EXAFS oscillation function χ(k) spectra for Si/Ge n /Si(001) (n=1,2 ML) heterostructure films, as well as those of the references Si 0.95 Ge 0.05 , Si 0.70 Ge 0.30 , Si 0.50 Ge 0.50 alloy films and crystal Ge. It can be clearly observed that the maximum oscillation peak of Si/Ge n /Si(001) (n=1, 2 ML) heterostructure film appears at k=4 Å -1 and falls off rapidly with the increase of k. This kdependence of χ(k) spectra exhibits more backscattering-amplitude character of |f Si (k, π)| than |f Ge (k, π)|. The same behavior can also be observed for the Si 0.95 Ge 0.05 alloy films where Ge atoms are dominantly surrounded by Si atoms. Accordingly, we can see that in the Si/Ge n /Si(001) (n=1, 2 ML) heterostructure films, the Ge atoms are surrounded by more Si atoms than Ge atoms. We also note that the shape and frequency of EXAFS χ(k) spectra for Si/Ge 4 /Si(001) heterostructure film looks similar to that of the 1 and 2-ML Ge heterostructure films, while the amplitude decreases, especially at the lowk region. It shows that the fraction of Ge-Si coordination evidently drops with the thickness of the Ge layer increasing to 4 ML. Further increasing the thickness of Ge layer into the 8 ML, the XAFS spectra of Si/Ge 8 /Si(001) heterostructure film is close to that of the Si 0.50 Ge 0.50 alloy film. This suggests that the Si/Ge 8 /Si(001) is characterized by an almost equal amount of Ge and Si scatterers as in the Si 0.50 Ge 0.50 alloy film. In order to obtain the quantitative structural parameters of the heterostructure films, we simply approximated the local environment around Ge atoms in Si/Ge n /Si(001) as that in a Ge x Si 1-x alloy where x is the fraction of Ge-Ge coordination pair around Ge atoms in the first shell. Although the real distribution of Ge atoms in the Si/Ge n /Si(001) is not uniform, this simple model is supported by a variety of previous works [5, 7, 12] . We fitted the first shell EXAFS peak in the inversely Fourier transformed kspace by including the Ge-Ge and Ge-Si coordination, whose contributions were weighted by a factor x and 1−x, respectively. The theoretical back-scattering amplitude |F(k, π)| and phase shift δ(k) functions of both coordination pairs were calculated by FEFF7 code [13] . Table 1 summarizes the structural parameters.
RESULTS
From the results shown in Table 1 , the average Ge-Ge coordination number in the Si/Ge n /Si(001) heterostructure films increases from 0.3 to 0.5, 1.3 and 2.2 with n increasing from 1 to 2, 4 and 8. It is of interest to compare the present results with that of the Ge/Si(001) films that was deposited at the same temperature of 400 o C but not capped by Si layer. Oyanagi et al reported that for the Ge 1 /Si(001) the Ge-Ge coordination number is 0.9, much larger than the value of 0.3 for the Si/Ge 1 /Si(001) heterostructural film. Since the Ge layers in both samples were grown at the same temperature and have equal thickness, the Ge-Si intermixing layer between Ge layer and Si substrate should be the same. Therefore, the large Ge-Si coordination numbers of Si/Ge n /Si(001) heterostructure films can not only come from the site exchange of Ge with Si substrate during growth, but also prominently arise from the Si capping procedure. Otherwise, from the reported activation energy [15] and diffusion coefficient [16] , it can be evaluated that for Ge diffusing into Si at a distance of 1 ML the required time is about 10 hours. This time duration is longer at least by a magnitude of two orders than the growing time (~ 5 minutes) of the Si capping layer for the Si/Ge n /Si(001) films, indicating that the thermal diffusion of Ge into Si can be safely neglected.
For the Si/Ge n /Si(001) heterostructure films with Ge layer thickness of 1 and 2 ML, the fraction x of Ge-Ge coordination pair around Ge atoms is as low as 0.08 and 0.13, respectively, indicating that the Ge atoms have few Ge neighbors and are indeed dominantly surrounded by Si atoms. Therefore, we can deduce that in the Si/Ge 1 /Si(001) and Si/Ge 2 /Si(001) heterostructure films the Ge layers are completely consumed to form a SiGe alloy as a result of strong Ge migration into the Si capping layer. This conclusion is consistent with a lot of previous studies by using various methods including XPS, Raman spectroscopy [7] , glancing-incidence x-ray reflectometry [17] and XAFS [9] . For the thickness of Ge layer in Si/Ge n /Si(001) increasing to 4 ML, the average coordination number of Ge-Ge pair increases to 1.3. This is observably different from the value (1.8) for the (Ge 4 Si 4 ) 5 strained superlattice [8] , despite that both samples were grown at the same temperature of 400 °C and have equal Ge thickness. The XAFS work on (Ge 4 Si 4 ) 5 strained superlattice by Wei et al [8] have revealed that the Si-on-Ge interface is not ideally sharp and there is about 1 ML Ge atoms mixing with Si atoms in this interface. However, in the case of Si/Ge 4 /Si(001) heterostructure film, there is more than 1 ML Ge atoms migrating from pure Ge layer into the Si capping layer, otherwise the lower Ge-Ge coordination number can not be interpreted. In fact this discrepancy is due to two reasons. One reason is that in the (Ge 4 Si 4 ) 5 strained superlattice the migration of Ge atoms from Ge 4 layer to the Si 4 layer is suppressed by the repeated growth of Ge 4 layer, while in Si/Ge 4 /Si(001) heterostructure film such suppressing does not exist. The other reason is that in the (Ge 4 Si 4 ) 5 strained superlattice the migration length of Ge atoms from Ge 4 layer to Si 4 layer is limited to only 4 ML. On the contrary, in Si/Ge 4 /Si(001) heterostructure film, the Si capping layer has the thickness of more than 20 ML, which means that the possible migration length of Ge atoms can be much larger. Numerous works have demonstrated that the Ge atoms can migrate into Si layer at a length of several nm at 400 °C [7, 18] . As a rough approximation, we can assume that a uniform Ge-Si alloy is formed in the whole Si capping layer. Following this assumption and considering the site exchange of 0.5 ML Ge with Si substrate, we can estimate that there are about 2.0 ML Ge atoms mixing with Si capping layer. Further increasing the Ge layer in Si/Ge n /Si(001) to 8 ML leads to the average Ge-Ge coordination number increases to 2.2.
Following the approximation made for the Si/Ge 4 /Si(001), about 3.0 ML Ge atoms in Si/Ge 8 /Si(001), more than those (2.0 ML Ge) in Si/Ge 4 /Si(001), is evaluated to have migrated into Si capping layer to form Ge-Si alloy. It should be noted that both Si/Ge 4 /Si(001) and Si/Ge 8 /Si(001) have pure Ge layer remained. The reason for the more sacrificed Ge layer in Si/Ge 8 /Si(001) than in Si/Ge 4 /Si(001) can be explained by taking into account the strain-driven migration of Ge into Si [19] . For Ge epitaxially grown on Si substrate, an elastic strain is generated due to the 4.2 % lattice mismatch between Ge and Si. The strain energy is accumulated with increasing thickness of Ge layer, and consequently, the mobility of Ge atoms in the strained Ge layer in enhanced. Once the Si capping layer is grown, the highly strained Ge atoms tend to migrate into the Si capping layer to form GeSi alloy. By this means the strain energy in the Ge layer can be considerably relieved.
Summarizing the results on all the Si/Ge n /Si(001) (n=1, 2, 4, 8) heterostructure films, we can see clearly the excellent migration ability of Ge into Si capping layer. Moreover, the intermixing degree at the Si-on-Ge interface increases with the Ge layer thickness. There are two possible factors for understanding the Ge migration effect. The first is strain-induced site-selective exchange at the heterointerface. The study by Wei et al have shown that for the Ge layer capped by Si at 400 o C, the total Ge-Si site exchange at the Ge-on-Si and Si-on-Ge interfaces amounts to c.a. 0.5 ML. It is evident that the site exchange alone can not explain so high a Si concentration around Ge atoms for the Si/Ge n /Si(001) (n=1, 2, 4, 8) heterostructure films. The second is surface segregation of Ge into the growing Si cap layer. It has been known that segregation of Ge on Si can reduce the surface energy [20] and surface enthalpy [12] , since the dangling bond energy of Ge is lower than that of Si. From the first-principles calculations, Beck et al found that the (001) surface energy is 90 and 66 meV/Å 2 for the Si and Ge atom, respectively [20] . Therefore, the Ge segregation is energetically favorable to reduce the total surface energy when the Si capping layer is deposited on the grown Ge layer. It should be mentioned that the Ge segregation strength also depends strongly on substrate temperature. According to Godbey et al's x-ray photoelectron spectroscopy (XPS) and secondary-ion mass spectroscopy (SIMS) measurements [21] , the maximum segregation length takes place at 370 o C, close to the growth temperature (400 o C) of the heterostructure films. Based on the above discussions, we propose that it is Ge surface segregation that is mainly responsible for the observed strong Ge migration effects in the Si/Ge n /Si(001) (n=1, 2, 4, 8) heterostructure films.
CONCLUSIONS
Fluorescence XAFS has been used to study the local structure of Si/Ge n /Si(001) (n=1, 2, 4 and 8 monolayer) heterostructure films grown by MBE at 400 o C. The XAFS results indicate that there is a strong Ge migration effect in all Si/Ge n /Si(001) heterostructure films. For the 1 or 2 monolayer (ML) Ge heterostructure film, the Ge atoms are dominantly surrounded by Si, and the Ge layers are completely consumed to form SiGe alloy. With the thickness of the Ge monolayer increasing to 4 ML, the determined Si/Ge coordination numbers (N Ge-Si :N GeGe =2.7:1.3) is similar to that of Si 0.70 Ge 0.30 alloy, and there are about 2.0 ML Ge atoms mixing with the Si capping layer. Even for the 8-ML-thick Ge heterostructure film, the fraction of Ge-Ge coordination pair in the first shell is about 55%, close to that in Si 0.50 Ge 0.50 alloy. It means that about 3.0 nominal ML Ge atoms in Si/Ge 8 /Si(001) heterostructural film migrate into the Si capping layer to form a Ge-Si alloy. We consider that the migration effect during the growth of the Si cap is mainly due to the surface segregation of Ge atoms with large surface mobility which allows for decreasing the strain of the Ge layer.
